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Abstract 


Puziss,  Milto.N  (Fort  Dctrick.  Frederick, 
tMd.)  and  Mary  B.  Howard.  Studies  on  im- 
iinunity  in  anthrax.  XL  Control  of  cellular  perme- 
jability  hy  bicarbonate  ion  in  relation  to  protec¬ 
tive  antigen  elaboration.  .1.  Baeteriol.  86:237  243. 
1903.—  No  elaboration  of  Bacillus  anthracis  pro¬ 
tective  antigen  was  demonstrated  after  addition 
of  bicarbonate  to  cultures  incubated  42  hr  in  a 
bicarbonate-free  medium.  Antigen  accumulation 
in  culture  filtrates  was  greater  if  the  bicarbonate 
was  added  to  these  cultures  early  in  the  growth 
period.  Cell-free  extracts  of  washed  cell  suspen¬ 
sions,  prepared  by  hand  grinding  or  lysozyme 
treatment,  had  no  demonstrable  intracellular 
protective  antigen.  Sonic  treatment  released 
antigen  in  measurable  amounts,  but  tended  to 
destroy  or  degrade  the  labile  antigen.  Freezing 
and  thawing  disrupted  the  cells  and  liberated  the 
antigen;  protective  antigen  was  shown  to  be  of 
internal  rather  than  of  extracellular  origin. 
Maximal  intracellular  antigen  concentration 
occurred  before  the  peak  concentration  was 
reached  in  the  culture  filtrates.  Antigen  also 
was  found  in  cell  extracts  from  bicarbonate- 
free  culture  media  when  none  was  present  in 
the  corresponding  culture  filtrates.  A  high  level 
of  internal  protective  antigen  was  present  in 
cells  grown  in  a  bicarbonate-free  medium  main¬ 
tained  at  a  constantly  alkaline  pH ;  only  a  trace 
of  antigen  was  present  in  the  corresponding  pH- 
adjusted  culture  filtrate.  The  hypothesis  is 
presented  that  bicarbonate  functions  to  control 
cellular  permeability  and  release  of  antigen 
from  the  cells  into  the  ambient  medium. 

Previous  reports  from  this  laboratory  have 
shown  that  a  protective  antigen  was  produced  by 
noncncapsulated,  nonproteolytie  mutants  of 
Bacillus  anthracis  grown  in  a  chemically  denned 
medium  under  certain  cultural  conditions  (Puziss 


and  Wright,  1954;  Wright  and  Puziss,  1957). 
Sodium  bicarbonate  was  one  of  tin*  specific  re¬ 
quirements  for  elaboration  of  antigen  into  tin* 
medium;  this  requirement  was  demonstrated  by 
Gladstone  (1946),  and  bas  been  confirmed  re¬ 
peatedly  in  both  aerobic  and  anaerobic  cultures. 
Small  amounts  of  antigen  were  demonstrated  in 
filtrates  from  anaerobically  grown  cultures  in  a 
bicarbonate-free  medium,  probably  as  a  result  of 
metabolic  carbon  dioxide  retained  in  the  closed 
system  used  to  obtain  anaerobiosis  (Puziss  and 
Wright,  1959).  Thorne  and  Helton  (1957)  also 
considered  retention  of  metabolic  carlxm  dioxide 
in  an  alkaline  medium  a  factor  in  antigen  accumu¬ 
lation  in  a  bicarbonate-fret*  culture.  The  biear- 
Iwtnate  could  not  be  replaced  bv  functionally 
related  compounds  (Puziss  and  Wright,  1954); 
its  mode  of  action  in  antigen  elaboration  has  not 
Iteen  defined.  Bicarbonate  had  no  influence  on 
carbohydrate  metabolism  of  the  organism  during 
growth  and  elaboration  of  protective  antigen  in 
culture  filtrates  (Puziss  and  Wright,  1959).  The 
metabolism  of  amino  acids  similarly  was  not 
significantly  affected  by  bicarbonate  in  aerobic  or 
anaerobic  culture  (Wright,  Puziss,  and  Neely, 
1962). 

This  report  describes  the  results  of  studies  of 
the  influence  of  bicarbonate  on  accumulation  of 
extracellular  and  intracellular  protective  antigen, 
and  presents  a  plausible  hypothesis  for  the  mode 
of  action  of  bicarbonate. 

Materials  and  Methods 

('allures.  The  strains  of  B.  anthracis  wen’  noil- 
encapsulated,  nonproteolytie,  avirulent  mutants 
of  the  virulent  strains  107  and  V770  (Wright  ct 
ah,  1962).  Spore  suspensions  for  inoeula  were 
adjusted  to  give  a  final  concentration  of  500 
spores  per  ml  of  medium,  immunized  animals 
were  challenged  by  a  standard  spore  suspension  of 
the  virulent  Yollum  strain  of  B.  anthracis. 
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Medium  and  methods  of  culture,  Preparation  of 
the  chemically  defined  medium  1095  for  anaerobic 
cultures  has  lx>en  described  (Wright  et  ah,  1962). 
The  pH  of  the  complete  medium  was  approxi¬ 
mately  7.8.  When  sodium  bicarbonate  was 
omitted,  the  pH  of  the  medium  was  adjusted  to 
the  same  level  as  the  control  by  addition  of  sterile 
1  n  NaOH.  Media  for  anaerobic  growth  were*  pre¬ 
pared  in  volumes  of  4  to  10  liters  in  glass  aspira¬ 
tor  bottles,  and  were  incubated  under  nitrogen 
as  already  described. 

Hanvst  and  preparation  of  cells.  After  the  re¬ 
quired  incubation  at  37  C,  the  culture  was  dis¬ 
pensed  via  the  delivery  tube  of  the  aspirator 
bottle  into  sterile  600-ml  centrifuge  bottles. 
Cells  were  readily  collected  by  centrifugation  at 
1,500  X  g  for  20  min. 

When  cells  from  larger  volumes  of  anaerobic 
culture  (10  liters)  were  harvested,  the  culture 
vessel  was  placed  in  a  cold  bath  (4  C);  the  cells 
sedimented  satisfactorily  in  3  to  4  hr  at  this  tem¬ 
perature.  Most  of  the  supernatant  was  discarded, 
and  the  concentrated  cells  in  suspension  were 
collected  by  centrifugation. 

In  the  initial  studies,  the  packed  cells  were 
washed  five  times  by  suspension  in  500- ml  por¬ 
tions  of  cold  sterile  distilled  water.  It  was  later 
found  that  one  washing  for  the  removal  of  soluble 
surface  antigen  was  as  adequate  as  five  washings; 
this  was  the  method  used  in  the  latter  part  of 
this  study.  Washed  cells  were  resuspended  in 
sterile  buffer  and  adjusted  to  give  an  optical 
density  reading  (with  a  blue  filter)  of  500  ±  50 
Klett-Summerson  units.  Buffers  were  either  0.05 
M  phosphate  (pH  7.9)  or  tris(hydroxvmethyl)- 
aminomethane  (tris),  0.04  m  (pH  8.0). 

Processing  of  cell  extracts.  After  the  completion 
of  the  cell  extraction  procedures  (see  Results), 
the  extracellular  fluid  and  the  cell  debris  were 
separated  by  centrifugation  4,000  X  g  for  30 
min)  at  4  0.  The  supernatants  were  drawn  off  and 
were  sterilized  by  nitration,  tested  for  sterility, 
and  stored  either  in  the  frozen  or  the  lyophilized 
state. 

Assag  for  protective  antigen  in  culture  filtrates 
and  cell  extracts.  The  in  vivo  assay  method  for 
estimation  of  protective  antigen  by  immunization 
and  challenge  of  guinea  pigs  has  been  described 
by  Puziss  and  Wright  (1959).  Cell-free  extracts 
in  the  normal  fluid  state,  or  the  lyophilized 
product,  were  stored  at  -20  C  for  use  during 
the  period  required  for  animal  immunization. 


The  crude  dried  cell-free  extracts  were  reconsti¬ 
tuted  at  25  mg/ml  concentration,  (luinea  pigs 
(250  to  350  g)  wore  immunized,  each  animal  re¬ 
ceiving  a  total  of  62.5  mg  of  the  cell-free  extract, 
given  subcutaneously  in  five  doses  of  0.5  ml  each 
on  alternate  days.  Culture  filtrates  obtained  from 
the  complete  medium  were  used  as  controls;  these 
were  reconstituted  at  the  routine  15  mg/ml  con¬ 
centration.  Cell  extracts  were  assayed,  in  most 
cases,  in  parallel  with  their  corresponding  culture 
filtrates.  The  extracts  and  filtrates  were  also 
titrated  in  vitro  for  antigenic  activity  by  the 
complement-fixation  method  of  MeGann, 
Stearman,  and  Wright  (1961).  The  Ouehtcrlony 
agar  diffusion  method  of  Thorn,  and  Belton 
(1957)  was  used  to  identify  and  to  titrate  the  in¬ 
tracellular  antigen. 

Results 

Effect  of  bicarbonate  additions  to  incubated  cul¬ 
tures.  Experiments  were  performed  to  determine 
the  effect  on  antigen  elaboration  of  addition  of 
bicarbonate  to  a  mature  ceil  culture  previously 
grown  in  a  bicarbonate-free  medium.  Bicarbonate 
was  added  aseptically,  at  double  the  normal  con¬ 
centration,  to  bicarbonate-free  cultures  after  42 
hr  of  incubation  (the  normal  harvest  period  for 
antigen-containing  cultures).  Part  of  the  culture 
was  filtered  at  once,  along  with  a  complete  me¬ 
dium  control.  Another  part  of  the  culture  was 
reincubated  anaerobically  for  an  additional  3  hr 
before  filtration.  A  surface-active  agent  (Tween 
80)  was  also  added  to  42-hr  bicarbonate-free 
cultures,  in  an  attempt  to  remove  any  protective 
antigen  that  might  have  accumulated  on  the 
bacterial  cell  surface.  This  addition  was  without 
effect  on  the  accumulation  of  antigen  in  the  cul¬ 
ture  filtrate.  Normal  antigen  accumulation  oc¬ 
curred  in  the  control  culture  filtrates,  whereas 
only  traces  of  antigen  were  detected  in  the  fil¬ 
trates  of  cultures  in  which  the  biearlMinate  was 
added  to  the  42-hr-old  cultures.  Other  cultures 
in  which  the  bicarbonate  was  added  after  42  hr  of 
incubation  were  reincubated  with  supplemental 
glucose  as  an  additional  energy  source,  since  the 
initial  glucose  was  exhausted  after  42  hr.  The 
presence  of  this  extra  source  of  energy,  and  the 
addition  of  bicarbonate,  did  not  influence  the 
accumulation  of  protective  antigen;  only  a  trace 
of  antigen  was  found  in  the  culture  filtrates,  if  the 
bicarbonate  was  added  after  the  42-hr  period. 
Evidently,  bicarbonate  had  no  effort  on  antigen 
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elaboration  when  it  was  added  to  an  already 
mature  culture. 

To  determine  at  what  point  during  growth  the 
bicarbonate  effect  on  antigen  elaboration  could 
be  demonstrated,  bicarbonate  was  added  to  bi¬ 
carbonate-free  culture's  grown  for  20,  28,  or  35  hr. 
These  cultures  were  then  reincubated  anaero¬ 
bically,  until  harvest  at  42  hr.  Assay  results 
showed  that  the  earlier  the  bicarbonate  was  added 
to  the  cultures,  the  more  antigen  accumulated 
in  the  filtrate.  No  antigen,  or  at  most  only  trace 
amounts,  was  detected  if  bicarbonate  was  added 
after  35  hr  of  incubation  (Table  1 ).  General  agree¬ 
ment  between  animal  assay  and  complement- 
fixation  titers  was  obtained. 

Preliminary  studies  on  extraction  procedures. 
In  an  effort  to  understand  the  factors  controlling 
the  accumulation  of  extracellular  protective  anti¬ 
gen,  an  attempt  was  made  to  detect  the  presence 
of  intracellular  antigen.  Washed  cells  were  ground 
in  a  chilled  mortar  and  extracted  with  0.05  m  cold 
phosphate  buffer,  pH  8.0  ( Mr  1  twain,  1948).  After 
centrifugation,  the  supernatant  was  assayed  for 
antigen  activity  by  complement-fixation  and  agar 
diffusion  methods.  For  a  control  in  the  agar 
diffusion  test,  a  hignly  immunogenic  dried  culture 
filtrate'  was  used  at  a  concentration  of  5  mg/ml. 
This  control  material  formed  a  single  precipita¬ 
tion  line  with  horse  antispore  serum  that  merged 
with  the  line  formed  by  the  purified  protective 
antigen  of  Strange  and  Thorne  (1958).  (’ell  dis¬ 
ruption  by  hand  grinding  did  not  release  pro¬ 
tective  antigen. 

Treatment  with  lysozyme  was  investigated  as 
a  means  of  liberating  intracellular  antigen.  Cells 
from  a  23-hr  culture  were  incubated  at  37  0  with 
lysozyme,  at  a  final  concentration  of  0.5  mg/ml, 
and  sampled  after  0.5,  1,  2,  3,  and  5  hr.  Optical 
density  measurements  and  stained  smears  were 
made;  the  suspensions  were  then  filtered  and  the 
supernatants  frozen.  Increasing  the  concentra¬ 
tion  of  lysozyme  and  incubating  the  treated  cell 
suspensions  at  different  temperatures  did  not 
lead  to  liberation  of  antigen  detectable  by  in  vitro 
assay  methods.  A  slight  increase  in  optical  density 
of  the  lysozyme-rontsmimr  suspension.  and  a 
decrease  in  that  of  the  control,  were  noted.  This 
was  similai  to  the  findings  of  Gladstone  and 
Johnston  (1955). 

I  Itrasonie  disintegration  of  eel!  suspensions. 
Washed  cells  suspended  in  buffer  were  subjected 
to  ultrasonic  treatment  in  a  10-kc  oscillator  (Hay- 


23!) 

TABI.K  1.  Protective  antigen  elaboration  in  culture 
filtrates  after  addition  of  bicarbonate  to 
an  incomplete  medium 


Antigen  assay 

Post  ino<  ulation 


Culture  medium 

bicarbonate 

addition 

Survival 

ratio* 

»  5£ 

hr 

Coinplc  ie 

0 

7/8 

5.0  120 

HC<  Vfcee 

No 

0/8 

3.7  5 

addition 

HCOjfree 

20 

3/8 

5.3  30 

HC<  )3  -free 

28 

2/8 

3.5  30 

HCOj-frae 

35 

0/8 

3.9  5 

Normal  aninia 

Is 

0/4 

3.9 

*  Ratio  of 
over  the  total 

the  number 
number  eha 

of  animals  surviving 
llenged. 

t  Expressed  as  50rr  units  per  nil. 

theon  Co.,  Waltham,  Mass.)  for  40  min.  An 
alcohoi-iJry  Ice  mixture  was  circulated  through 
the  jacket  of  the  treatment  cup  in  an  attempt  to 
minimize  destruction  of  labile  material  liberated 
during  sonic  treatment.  Good  cell  disruption  was 
achieved,  as  evidenced  by  loss  of  tvrbiditv  and 
an  increase  in  viscosity  of  the  clarified  super¬ 
natant  from  the  disrupted  cells.  Cell  breakage  was 
confirmed  by  microscopy.  The  cell-free  extracts 
released  by  sonic  treatment  were  too  highly 
anticomplementary  for  use  in  complement- 
fixation  reactions.  The  sonic-dly  treated  extracts, 
filtered  through  a  membrane  filter,  and  ly- 
ophilized  and  concentrated  threefold,  showed  the 
presence  of  protective  antigen;  a  line  was  evident 
on  the  agar  diffusion  plates  that  joined  the  line 
produced  by  a  lyophilized  protective  antigen 
control. 

Sonic  liberation  of  antigen  was  investigated 
further.  A  15-min  sonic  treatment  was  sufficient 
to  lil>erato  the  maximal  amount  of  protective 
antigen.  Cultures  incubated  less  than  44  hr 
were  then  investigated,  to  determine  whether 
protective  antigen  within  the  cells  was  present 
in  amounts  large  enough  to  la-  detected  without 
concentration,  and  at  what  period  during  growth 
it  appeared.  Volumes  (10-liter)  of  culture  media 
were  list'd  to  obtain  cells  at  different  |»criods  of 
time  from  a  single  culture  source.  Results  of  the 
serological  assays  on  the  sonic  extracts  of  these 
cells  are  presented  in  Table  2.  The  data  indicate 
that  protective  antigen  was  present  in  the  cell  ex- 
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TABLK  2. 

Protective  antigen  in  cell 

extracts  and 

culture 

filtrates  after 

ultrasonic 

treatment 

of  cell  suspensions 

Incubation 

time 

Antigen  titers 

Ar  iRen  source 

*  iCAVtl’ 

tlxktio.1 

A  par  plate 
diffusion 

hr 

WH  units/ml 

Hi 

Filtrate 

5 

Neg 

Extract 

AC* 

1:1 

23 

Filtrate 

30 

Neg 

Extract 

AC 

1:4 

28 

Filtrate 

70 

1:2 

Extract 

AC 

1:2 

34 

Filtrate 

80 

1:8 

Extract 

AC 

Neg 

47 

Filtrate 

120 

1:8 

Extract 

AC 

Neg 

64 

Filtrate 

80 

1:4 

Extract 

AC 

Neg 

*  Anticotnplententary;  no  complement-fixation 
titer  could  be  obtained. 

tracts  in  measurable  amounts  before  a  comparable 
concentration  was  detectable  in  the  culture 
filtrate. 

There  were  indications  that  sonic  treatment  of 
culture  filtrate  degraded  the  protective  antigen. 
Protection  of  guinea  pigs  was  lower  with  sonieallv 
trrated  than  with  untreated  filtrate  antigen.  The 
protective  effect  of  addition  of  serum  during 
sonic  treatment  of  cell  sus|>ensions  was  investi¬ 
gated,  since  Strange  and  Belton  (1954)  found 
that  normal  horse  serum  stabilized  their  fil¬ 
trate  antigen.  Normal  horse  serum  (.Vi,  v/v) 
added  to  a  23-hr  cell  suspension,  or  to  culture 
filtrate  antigen  prior  to  sonic  treatment,  had  no 
stabilizing  effect.  Accordingly,  less  drastic 
methods  of  cell  disruption  were  investigate  1. 

Effect  of  freezing  and  thawing  on  release  of  intra¬ 
cellular  antigen.  Cells  from  4  liters  of  23-hr  culture 
were  subjected  to  three  cycles  of  freezing  anti  slow 
thawing.  After  centrifugation  to  remove  cellular 
debris,  the  extracts  wore  sterilized  by  filtration 
through  either  membrane  or  ultrafine  sintered- 
glass  filters.  The  extracts  showed  no  evidence  of 
nntieoinpiomontary  activity;  they  had  comple¬ 
ment-fixation  titers  of  approximately  120.  Agar 
plate  diffusion  titers  wen*  the  same  as  those  of  the 
sonieallv  treated  cell  extracts.  Increasing  the 
monitor  of  freeze-thaw  cycles  did  not  release  more 
protective  antigen.  This  method  of  extracting 
intracellular  material  was  used  throughout  the 


remainder  of  the  study,  since  the  frozen -thawed 
extracts  possessed  somewhat  greater  protective 
activity  than  the  sonic  extracts  and  had  the 
additional  advantage  of  not  lx*ing  antiromple- 
mentary. 

Protective  antigen  in  extracts  from  a  complete 
medium.  Prior  to  cellular  disruption  and  release 
of  intracellular  contents,  it  was  necessary  to  de¬ 
termine  whether  the  soluble  protective  antigen 
could  be  removed  from  the  cell  surface  by 
washing.  All  the  washings  from  the  cell  sus|«*n- 
sions  were  pooled,  lyophilized,  and  reconstituted 
at  a  40-fold  concentration.  No  protective  antigen 
was  demonstrated  in  the  concentrated  washings 
by  either  in  vitro  or  in  vivo  assay.  The  negative 
results  of  these  assays  indicated  that  no  soluble 
protective  antigen  was  present  on  the  cell  surface. 

The  extracts  of  cells  incubated  for  42  hr  in  a 
complete  medium  contained  only  small  amounts 
of  antigen;  antigen  in  the  eorresjxmding  culture 
filtrate,  however,  was  at  the  usual  level.  This  ob¬ 
servation  indicated  that  the  optimal  time  for 
antigen  elal>o ration  into  the  medium  was  not  the 
optimum  for  accumulation  of  intracellular  anti¬ 
gen.  To  clarify  this  jK)int,  10-liter  batches  of 
-ulture  grown  in  complete  medium  were  sampled 
at  intervals  during  incubation,  to  obtain  equal 
volumes  of  cells  for  preparation  of  cell  extracts 
and  of  culture  filtrates  from  a  single  source. 
Assay  results  of  the  cell  extracts  are  presented 
in  Table  3;  it  can  lx*  seen  that  maximal  intra¬ 
cellular  antigen  was  present  at  alsmt  23  hr  of 
incubation.  This  was  similar  to  the  results  first 
obtained  with  the  sonieallv  treated  cell  extracts 
(Table  2).  Direct  comparison  of  antigen  in  the 

TABl.K  3.  Protective  antigen  in  extracts  of  celts 
from  a  coin  pi  etc  medium 


Antin'"  a<«y 


( irmvlh  firm* 

Survival 

Avg  <lay  ( 

omplcmrnt  Oiffu^on 

hr 

ratio* 

death 

tuai.unt 

liter 

1 

20 

2/4 

7.0 

100 

1:2 

t 

23 

2  4 

5.0 

120 

1  :ti 

20 

1-4 

5.0 

too 

1:1 

20 

Control 

1  ''8 

4 .  H 

75 

1:2 

filtrate 

7.8 

5.0 

160 

1:8 

*  Ratio  of  tin*  number  of  animals  surviving 
over  the  total  number  challenged, 
t  Kxpressed  as  50' ,  units  js*r  ml. 
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extracts  and  in  the  culture  filtrates  revealed  that 
intracellular  antigen  reached  a  maximum,  and 
then  bewail  to  disappear  from  the  internal  en¬ 
vironment  concurrently  with  the  accumulation 
of  antigen  in  the  culture  filtrate  (Fig.  1). 

Protective  antigen  in  extracts  from  a  bicarbonate- 
free  medium.  Preliminary  studies  on  extracts  of 
cells  obtained  from  a  bicarbonate-free  medium 
indicated  the  presence  of  protective  antigen  in 
these  extracts.  To  examine  this  more  fully,  large 
volumes  of  cells  were  grown  in  the  bicarbonate- 
free  medium,  and  were  sampled  at  intervals 
during  growth  to  obtain  Ixith  cells  and  culture 
filtrates.  Extracts  of  these  cells  showed  that  pro¬ 
tective  antigen  was  present  in  a  measurable 
amount  within  the  cells,  and  that  a  peak  of  intra¬ 
cellular  antigen  was  reached  after  about  34  hr  of 
incubation.  No  protective  antigen  could  be 
demonstrated  in  the  corresponding  culture  fil¬ 
trates  from  the  bicarbonate-free  medium  (Table 
4).  The  difference  in  time  of  occurrence  of  maxi¬ 
mal  internal  antigen  in  biearl>onato-freo  cell 
extracts  and  in  control  cell  extracts  corresponded 
to  the  lag  in  initiation  of  growth  between  these 
two  types  of  cultures,  as  described  in  a  previous 
report  (I'uziss  and  Wright,  1059).  Cells  that  were 
grown  anaerobically  in  a  bicarlxinate-free  medium 
in  the  presence  of  0.04  M  tris  buffer  (pH  K.4) 
showed  normal  growth.  Only  a  trace  of  pro¬ 
tective  antigen,  however,  was  detected  in  this 
culture  filtrate,  as  shown  by  a  complement-fixa¬ 
tion  titer  of  5  and  a  guinea  pig  survival  ratio  of 
1/S. 


TABI.K  4.  Protective 

a nt., a  a 

it.  extracts  and  culture 

Jilt  rates  from 

liicar1. a 

fee- 

cultures 

Antigen 

assay 

AntiKfn  type 

Survival 

ratio* 

*  ,  Com-  Gel 

\  piemen  t  diffusion 

of  dtath  tllxat5nn+  ,;tl.r 

hr 

Filtrate  23 

0/8 

3.5 

0  Neg 

Extract 

0/7 

3.5 

(1  Trace 

Filtrate  34 

•1/7 

3.9 

0  Neg 

Extract 

3/7 

<1.2 

80  1:4 

Filtrate  41 

0/1(1 

3.5 

0  Neg 

Ext  raet 

1/15 

1.5 

24  1:2 

*  Ratio  of  the 

number 

of  animals  surviving 

over  the  total  number  challenged, 
t  Expressed  as  50'  <  units  per  ml. 


TABi.K  5.  Protect  ire  antiiji  a  in  extracts  and  culture 
filtrates  from  pH -adjusted  hicarhunatc- 


free 

eultu  res 

Antigen  assay 

Antigen  ty|ie 

Growth 

time 

Survival 

ratio* 

Complement 

tixationt 

<**l 

diffusion 

titer 

hr 

Filtrate 

40 

17.5 

Neg 

Extract 

1/8 

SO 

1:4 

Filtrate 

50 

1/8 

10 

Neg 

Extract 

2/8 

40 

1:2 

*  Ratio  of  the  number  of  animals  surviving 
over  the  total  number  challenged;  no  animal 
data  for  the  40- hr  filtrate  available, 
t  Expressed  as  50' ,  units  per  ml. 
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Flo.  1.  Intracellular  and  filtrate  antigen  nr- 
cum  dation  in  a  complete  medium. 


It  was  observed  that  anaerobic  bicarlxmate- 
frec  cultures,  in  the  absence  of  any  other  buffer, 
lieenme  more  acid  after  the  40-lir  incubation 
period  than  did  control  cultures,  despite  the 
initially  high  pH  in  the  medium.  This  may  have 
resulted  from  the  nltsence  of  the  buffering  effect 
of  bienrnonatc.  The  greater  acidity  in  the  medium 
was  one  |x»ssible  reason  for  the  low  level  of  pro¬ 
tective  antigen  in  extracts  of  cells  grown  longer 
than  34  hr  in  the  bicarltonato-freo  medium.  To 
determine  the  effect  of  the  low  pH  on  the  in¬ 
ternal  protective  antigen,  hicarltonutc-frec  cul¬ 
tures  containing  a  pH  indicator  (m-cresol  purple) 
were  adjusted  at  3-  to  4-hr  intervals  during  incu¬ 
bation  by  (icriodie  addition  of  sterile  1  x  NaOH 
to  maintain  the  pH  at  the  initial  level  of  pH  7  t> 
to  7  V  Extracts  prepar'd  fmm  cells  grown  in  the 
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pH-adjust«l  bicarlxmate-free  medium  for  40  hr 
hud  considerable  protective  antigen  activity. 
Protective  antigen  was  still  evident  in  the  cell 
extracts  even  after  50  hr  of  incubation  of  culture. 
Despite  the  alkaline  pH  level  maintained  in  the 
culture  vessel,  however,  only  a  trace  of  antigen 
was  detected  in  the  eorres|>onding  bicarbonate- 
free  culture  filtrates  (Table  5). 

Discussion 

It  is  evident  from  these  studies  that  bi¬ 
carbonate  had  no  effect  on  antigen  elaboration, 
if  it  was  added  to  a  suspension  of  matured  cells 
grown  in  the  absence  of  bicarbonate  ion.  High 
bicarbonate  concentrations,  as  well  as  addition 
of  a  surface-active  agent,  and  the  presence  of 
additional  glucose,  did  not  act  upon  these  cells  to 
remove  or  “strip"  any  protective  antigen  from 
the  cell  surface.  Bicarbonate  was  necessary,  ap¬ 
parently,  during  the  early  growth  of  the  cell  for 
any  appreciable  antigen  accumulation  in  the  cul¬ 
ture  medium.  The  earlier  the  cells  were  exposed 
to  the  bicarlxmate,  the  more  antigen  accumu¬ 
lated. 

Several  methods  of  disrupting  the  cell  structure 
and  extracting  the  internal  cell  contents  were  ex¬ 
plored.  The  results  with  lysozyme  treatment 
showed  the  ineffectiveness  of  this  method.  As 
Gladstone  and  Johnston  (1955)  re|xirted,  not  all 
B.  anthraris  strains  are  susceptible  to  lysozyme 
action;  it  is  also  |x>ssible,  as  they  indicated,  that 
the  bicarlxmate  and  CO;  concentrations  present 
during  growth  were  too  low  for  synthesis  of  the 
lysozyme  substrate  in  the  cell  walls.  Freezing 
and  thawing  of  cells  sus|  .ended  in  buffer  was  the 
method  chosen  for  obtaining  intracellular  antigen 
with  minimal  destruction.  The  cell-free  extracts 
could  lx*  lyophilized,  in  a  manner  similar  to  cul¬ 
ture  filtrates,  without  appreciable  loss  in  antigen 
activity.  It  is  difficult  to  understand  why  the 
fmzcn-thawed  extracts  of  Smith,  Keppie,  and 
Stanley  (1953)  should  not  have  contained  at  least 
some  protective  antigen,  since  this  is  the  least 
rigorous  extraction  method.  Cell  disruption  In- 
shaking  with  “liallotim"  (Smith  et  a!.,  195.4; 
Gladstone,  194tb.  in  the  absence  of  a  suitable 
buffering  system,  might  readily  result  in  destruc¬ 
tion  of  the  labile  antigen  lilx-rated.  |«ar»i.  ul:trly 
at  pH  levels  Ik-Iow  NO.  In  the  study  of  Smith  et 
al.  (1953),  as  well  as  in  our  inly,  in>. antigen  was 
detected  in  the  washings  from  the  cell  suspen¬ 
sions.  In  addition  to  these  authors,  others  have 


reported  that  cell-free  extracts  of  the  organism 
are  free  from  any  toxic  activity  (Gladstone,  19415; 
King  and  Stein,  1950). 

The  extracts  described  in  this  study  contained 
significant  concentrations  of  the  protective  anti¬ 
gen;  this  is  in  contrast  to  the  findings  of  Keppie, 
Smith,  and  Harris-Smith  (1953)  that  no  antigen 
was  present  in  the  internal  contents  of  cells,  and 
that  antigen  was,  therefore,  essentially  extra¬ 
cellular.  Results  of  the  studies  reported  here  show 
that  protective  antigen  of  B.  anthrndu  is  probably 
of  internal  origin  and  is  not  a  surface  type  of 
cellular  antigen.  As  demonstrated  in  this  study, 
antigen  is  apparently  formed  fairly  early  within 
the  cells,  when  grown  anaerobically  in  the  com¬ 
plete  medium.  Peak  protective  antigen  concen¬ 
tration  within  the  cells  occurs  lieforc  peak  accu¬ 
mulation  in  the  culture  medium  is  found.  As  the 
cells  approach  maturity  and  exhaustion  of  nu¬ 
trients,  antigen  apparently  passes  out  of  tin*  cells 
and  into  the  ambient  medium,  as  though  it  were 
a  motalxilie  by-product;  it  is  not,  however,  a 
product  dependent  on  cellular  autolysis.  In  cells 
grown  in  a  bicarbonate-free  medium,  internal 
antigen  reaches  a  maximum  later  than  in  cells 
from  a  complete  medium;  this  corresponds  closely 
to  the  lag  in  growth  initiation  of  eelis  grown 
anaerobically  in  the  absence  of  bicarlxmate 
(Puziss  and  Wright,  1959). 

The  salient  observation  reported  in  this  paper 
is  that  of  significant  antigen  formation  within 
cells  grown  in  the  absence  of  bicarlxmate,  but 
with  no  significant  antigen  accumulation  in  their 
corresponding  culture  filtrate.  Culture  of  cells 
in  a  hicarlxmate-free  medium,  maintained  at  a 
constantly  alkaline  pH,  supixirted  the  observa¬ 
tion  of  high  antigen  levels  within  the  cell  and 
very  low  levels  in  the  culture  medium  outside  the 
cell.  Strange  and  Thorne  (I95S)  re|M>rti-d  that 
some  antigen  elalxmitiou  occurred  in  a  bicar¬ 
lxmate  free  medium  buffered  at  an  alkaline  pH 
with  tris  buffer.  This  was  confirmed  in  our  anaero¬ 
bic  cultures  grown  in  the  presence  of  tri*  buffer, 
when-  the  concent  ration  of  antigen  in  the  culture 
filtrate  was  very  low  in  comparison  with  control 
culture  filtrates.  The  small  accumulation  of  pro 
tectivc  antigen  c  all  lx-  attributed  to  the  efficient 
retention  of  mctalx.lic  (  (  by  the  tris  buffer  in  a 
bicarlxmate  free  medium.  In  this  study,  an  aika 
line  pH  wa  maintained  by  intermittent  addition 
of  small  amounts  of  \a*>H  to  tin-  bicarlxmate 
free  cultures.  The  data  obtaim  1  from  study  of  the 
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cell  extracts  strongly  surest  that  hicarlxmate 
in  the  medium  affects  cellular  permeability, 
allowing  passage  of  the  internally  formed  antigen 
across  the  (  ell  membrane.  In  the  absence  of  bi- 
carlKinate,  antigen  apparently  is  unable  to  pass 
across  the  cell  membrane  and  accumulates  within 
tiie  ceil.  Hiearlxmato-frcc  anaerobic  cultures 
incubated  for  3  weeks  retain  normal  turbidity 
and  very  little  autolysis.  Cultures  grown  in  a 
complete  medium,  however,  usually  show  the  be¬ 
ginnings  of  autolysis  after  alxmt  72  hr  of  incuba¬ 
tion;  nearly  complete  clearing  of  the  medium  is 
seen  by  3  weeks. 

The  mechanism  by  which  bicarlxmate  could 
affect  cellular  permeability  is  not  undcrstixxl; 
perhaps  some  alteration  of  the  integrity  of  the 
cellular  membrane  occurs.  Similar  effects  on 
cellular  permeability  by  other  inorganic  ions 
have  been  observed  with  mammalian  cells.  For 
example,  Dulies  and  Klinglcr  (llWil)  increased 
monkey  kidney  cell  permeability  to  polio  virus 
by  calcium  ion  depletion.  Adams  and  burgess 
(H)(iO)  decreased  catalase  migration  from  mouse- 
liver  granules  by  addition  of  calcium  or 
magnesium  ions,  bicarlxmate  ion  concentration, 
therefore,  may  index'd  affect  |x*rmeability  of  some 
species  of  bacterial  cells. 
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